Transient two-dimensional infrared spectroscopy (2D-IR) on a charge transfer model system is used as a nonlinear probe of solvation dynamics. Unlike what is expected in the linear response case, nonequilibrium relaxation and equilibrium spectral diffusion occur on different time scales. Transient 2D-IR spectroscopy is shown to be sensitive to higher order frequency fluctuation correlation functions, and provides evidence for a coupling between commonly observed fast and slow solvation processes. DOI: 10.1103/PhysRevLett.95.083201 PACS numbers: 34.10.+x, 34.70.+e, 78.47.+p, 82.53.Uv In the solution phase, the quantum-mechanical states of a solute molecule are coupled to-and perturbed by-a continuum of low-frequency modes of the solvent, which may qualitatively and quantitatively change the mechanism and outcome of any liquid phase reaction in chemistry and biology. Solvation experiments are used to investigate the strength and dynamics of solute-solvent interactions. In such an experiment, a nonequilibrium configuration is first prepared, and its relaxation to equilibrium is then sensed by means of a particular spectroscopic transition, which can be either electronic or vibrational. Spectroscopy of solvation modes is particularly challenging since the spectral density typically is very broad and essentially structureless. It is well established that only nonlinear spectroscopy can ''look underneath'' a spectroscopic transition and resolve the mechanisms and interactions giving rise to its broadening. The dynamic Stokes shift [1,2], photon echo peak shift [3] [4] [5] [6] [7] , and 2D spectroscopy [8] [9] [10] have been used to measure solvent-solute interactions. They all are third-order nonlinear spectroscopies and reveal the spectral density of the solvation modes [11] . However, concerning the solvation degrees of freedom, these experiments are linear spectroscopies, and contain no more information than a far-IR absorption or a lowfrequency Raman spectrum (except that different techniques couple to the low-frequency modes with different strength). Furthermore, essentially all solvation experiments so far have been discussed in the framework of linear response theory. The reason for this is not that linear response has been proven to be valid for solute-solvent systems, but that experiments so far did not provide the information needed to look beyond linear response.
In the solution phase, the quantum-mechanical states of a solute molecule are coupled to-and perturbed by-a continuum of low-frequency modes of the solvent, which may qualitatively and quantitatively change the mechanism and outcome of any liquid phase reaction in chemistry and biology. Solvation experiments are used to investigate the strength and dynamics of solute-solvent interactions. In such an experiment, a nonequilibrium configuration is first prepared, and its relaxation to equilibrium is then sensed by means of a particular spectroscopic transition, which can be either electronic or vibrational. Spectroscopy of solvation modes is particularly challenging since the spectral density typically is very broad and essentially structureless. It is well established that only nonlinear spectroscopy can ''look underneath'' a spectroscopic transition and resolve the mechanisms and interactions giving rise to its broadening. The dynamic Stokes shift [1, 2] , photon echo peak shift [3] [4] [5] [6] [7] , and 2D spectroscopy [8] [9] [10] have been used to measure solvent-solute interactions. They all are third-order nonlinear spectroscopies and reveal the spectral density of the solvation modes [11] . However, concerning the solvation degrees of freedom, these experiments are linear spectroscopies, and contain no more information than a far-IR absorption or a lowfrequency Raman spectrum (except that different techniques couple to the low-frequency modes with different strength). Furthermore, essentially all solvation experiments so far have been discussed in the framework of linear response theory. The reason for this is not that linear response has been proven to be valid for solute-solvent systems, but that experiments so far did not provide the information needed to look beyond linear response.
Along the lines of Onsager's regression hypothesis [12] , a nonequilibrium solvation experiment can be described in terms of an equilibrium two-point frequency fluctuation correlation function (FFCF) c 2 t h!0!ti. The instantaneous deviation !t of the test molecule's transition frequency from its mean value is a direct measure of the interaction of the surrounding solvent with that transition. The two-point FFCF is related to the spectral density of solvation modes through a Fourier transformation [11] . In the linear response regime, the two-point FFCF is sufficient to fully characterize the solvation process, since higher order correlation functions would factorize into two-point FFCF's. In the present Letter, we show that transient 2D (T2D) spectroscopy, which is a fifth-order technique, is nonlinear with respect to solvation modes, and hence, provides information which is similar to that potentially obtained from 2D-Raman spectroscopy [13, 14] . Unlike third-order spectroscopy, T2D spectroscopy offers a glance at the nonlinear dynamics of solvation and is a sensitive probe of higher order FFCF's.
T2D-IR spectroscopy extends conventional 2D spectroscopy to the nonequilibrium regime [15] . A UV pump pulse photo excites a molecule, and a subsequent pair of IR pulses (IR pump and IR probe ), acting as a probe process, measures a snapshot 2D spectrum. We apply T2D-IR spectroscopy to the solvation of the photo-induced metalto-ligand charge transfer of Re CO 3 Cl dmbpy (dmbpy 4; 4 0 -dimethyl-2; 2 0 bipyridine) in DMSO (dimethylsulfoxide) [16] . Photo excitation of the molecule changes its electronic structure, causing an instantaneous blueshift of all C O modes. The sudden change of the electronic dipole moment, in turn, triggers a reorientation of the surrounding solvent molecules and the new charge distribution is solvated. Since the solvent molecules are coupled to the molecule's C O groups, the solvation process can be observed as a further blueshift of the C O modes on a 5.5 ps time scale [ Fig. 1(b) , top row] [16] .
We focus on the highest frequency C O vibration (symmetric stretch of all three CO's), which shifts from 2018 cm ÿ1 in the electronic ground state to 2060 cm ÿ1 in the completely solvated charge transfer state. Figure 1(a) shows a 2D spectrum of the 2060 cm ÿ1 band with a UV pump -IR pump delay time of 100 ps and an IR pump -IR probe delay time of 1 ps (see Ref. [15] for experimental details). Since the system is equilibrated in the electronically excited state 100 ps after excitation, we refer to this spectrum as the equilibrium 2D spectrum. In a 2D spectrum, a broad band IR probe pulse measures the response of the sample as a function of a tunable, narrow band IR pump pulse (dynamic hole burning). The spectrum consists of the negative bleach and stimulated emission signal (depicted in blue) and the anharmonically redshifted excited state absorption signal (in red). Since the 2D spectrum of the 2060 cm ÿ1 band is superimposed in the lower-left corner by the contribution from the electronic ground state at 2018 cm ÿ1 , we concentrate our discussion on the negative (blue) band, which is well separated from any perturbing signals. The equilibrium 2D spectrum shows a characteristic tilt, which is a signature of inhomogeneity on the picosecond time scale [9, 10] .
Figure 1(b) shows T2D spectra with the IR pump -IR probe delay times varied between 1 ps and 6.5 ps. Note that the UV pump -IR pump delay time was kept constant at 1 ps. At first sight, the T2D spectra evolve as one would intuitively expect: at early times, the T2D spectrum is broad and tilted, reflecting a strong inhomogeneity of the band. With increasing IR pump -IR probe delay time, the band orients more vertically as a result of the loss of memory of the IR pump frequency that initially labeled the molecules. At the same time, the 2D band center shifts away from the diagonal, in parallel with the solvation shift in the T1D spectra [ Fig. 1(b) , top]. In other words, the molecules are vibrationally labeled and keep their tag as solvation shifts the absorption band to higher frequencies.
A closer inspection, however, reveals a couple of nontrivial details: first, the spectral hole burned by the IR pump pulse shifts surprisingly fast within the first 1 ps IR pump -IR probe delay time. This is best seen in horizontal cuts through the red wing of the T2D spectrum at an IR pump frequency of 2028 cm ÿ1 [ Fig. 1(c) ], which reveal a shift of about 20 cm ÿ1 from the pump pulse position within 1 ps while the band center shifts only by 4 cm ÿ1 from 1 ps to 2 ps after the UV pulse [compare both T1D spectra in Fig. 1(b) , top left]. A phenomenological modeling along the lines of Ref. [15] , which assumes that the ensemble is in a quasiequilibrium during the 2D pulse sequence, cannot reproduce this effect. Second, the 2D line shape is essentially vertical already after 6.5 ps IR pump -IR probe delay time, although the system has not yet equilibrated [compare 7.5 ps T1D spectrum with the 100 ps equilibrium spectrum in Fig. 1(b) , top right]. Scanning the IR pump -IR probe delay time reveals spectral diffusion [9, 10] . Hence, spectral diffusion within the ensemble is faster than relaxation of the nonequilibrium ensemble to equilibrium. Third, the hole narrows with time. Since the hole width represents the homogeneous width of the absorption band, this result suggests that the homogeneous width decreases as the system approaches equilibrium. None of these observations could be explained in a linear response regime where fast (homogeneous) and slow (spectral diffusion) dephasing processes decouple.
Strictly speaking, the T2D experiment is a fifth-order experiment with two field interactions from the UV pump pulse and three from the two IR pulses. We model it as a third-order process (i.e., 3 field interactions from the IR pulses) on a nonequilibrium ensemble, where the UV pump pulse prepares the nonequilibrium state. In this case, we have to express the third-order response functions of a weakly anharmonic oscillator (anharmonicity ) in their most general forms [4, 5, 11] :
where !t is the fluctuating transition frequency with the average frequency ! 0 subtracted. T2D spectra are calculated by convolution of the response functions with the laser fields [11] and subsequent Fourier transformation. Equilibrium and nonequilibrium frequency trajectories !t are obtained using a phenomenological Langevin approach:
wherex is a unitless generalized solvation coordinate, Vx a the potential of mean force, a friction term, andRt an isotropic Gaussian -correlated random force with hR0Rti k B Tt. It is commonly found in solvation experiments that the FFCF decays on (at least) 2 times scales [1, 3, 4, 8, 9] : (i) an inertial component on a 100 fs time scale, giving rise to homogeneous broadening in the motional narrowing limit (in most cases) and (ii) a slower picosecond component giving rise to spectral diffusion. This bi-phasic behavior cannot be reproduced using Eq. (2) in one dimension. We therefore interpret Vx f ; x s as a twodimensional potential of mean force withx x f ; x s a fast and a slow solvation coordinate. The frequency shift is calculated as a linear combination of these two coordinates 2 s =2. The Gaussian assumption, which leads to linear response, is implicitly made in almost any modeling of nonlinear spectroscopy when truncating the cumulant expansion of Eq. (1) after second order [11] . In the Gaussian case, higher order FFCF's either vanish (odd FFCF's) or factorize into two-point FFCF's and hence, do not contain any additional information. This changes when considering non-Gaussian ! distributions. The equilibrium 1D spectrum in Fig. 1(a) , top, is strongly asymmetric. In contrast to the electronic case, the line shape function gt is a real function to a very good approximation in vibrational spectroscopy [5] , which is why a nonsymmetric line shape is an unequivocal indication of non-Gaussian dynamics. Vibrational probes often interact very locally with only a few solute molecules, while the electrostatic interaction of an electronic probe with its surrounding is long ranged. Thus, in the case of vibrations, the central limit theorem does not necessarily apply and ! distributions may deviate strongly from Gaussian statistics.
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We may generate a non-Gaussian ! distribution by either explicitly introducing an asymmetric potential (model 1) [17] 
or by nonlinearly coupling both coordinates (model 2):
(4) In model 1, the two coordinates decouple since V 1 x f ; x s V 1;f x f V 1;s x s , and hence are uncorrelated. In model 2, in contrast, the two coordinates are inherently correlated. Interestingly, model 2 yields a nonsymmetric x s distribution although a cut through V 2 x f 0; x s is symmetric. This is because the two-dimensional potential widens for negative x s .
Provided that a nonequilibrium disturbance is not too large, its relaxation is governed by the same laws as the regression of spontaneous fluctuations in an equilibrium ensemble (Onsager's regression hypothesis [12] ). Since the 1 ps T1D spectrum [ Fig. 1(b) , top] significantly overlaps spectrally with the equilibrium 1D spectrum [ Fig. 1(a) , top], the nonequilibrium disturbance lies within k B T, and we may use the same potential of mean force to describe both an equilibrium and a nonequilibrium experiment. The linear response assumption, however, is not valid since already thermal fluctuations sample regions of the potential of mean force that deviates notably from harmonic, as seen in the asymmetry of the equilibrium 1D spectrum.
Model spectra were calculated for models 1 and 2 by averaging Eq. (1) over 200.000 trajectories [ Figs. 1(d)-1(i) ]. We chose a critically damped fast process with a correlation time c 200 fs (i.e., 20 ps ÿ1 , k f =k B T 100), which is a typical value for the solvent DMSO [1] . The remaining parameters were fit to the equilibrium 1D and 2D spectra [at 100 ps; see Fig. 1(a) ] and the T1D spectra [ Fig. 1(b) . Note that we did not include the T2D data in the fit to determine these parameters. The resulting potentials of mean force are plotted in Figs. 2(a) and 2(b) as insert nonequilibrium trajectories were obtained by choosing starting values for the slow solvation coordinate from a Gaussian distribution which was shifted from the equilibrium value.
Both models render excellent fits of the equilibrium 1D spectrum [ Fig. 1(a), top] , the equilibrium 2D spectrum [ Fig. 1(a), bottom] , and the T1D spectra [ Fig. 1(b) , top]. One could not distinguish between both models with the help of these forms of quasi-first and quasi-third-order spectroscopies. For the T2D spectra, however, the two models yield distinctively different results, proving that additional information is obtained by T2D spectroscopy. Model 2 [ Fig. 1(h) ] works significantly better in reproducing the large initial shift of the spectral hole, highlighted by the horizontal cuts through the T2D spectra [ Fig. 1(i) ]. Model 1 fails to explain this feature [ Fig. 1(f) ]. Also, the narrowing of the hole with time, as well as the faster turning of the 2D band into a vertical line shape, is reproduced by model 2. Model 2 actually exaggerates the latter feature. We thus consider both models as limiting cases and a realistic potential of mean force might contain both anharmonic terms. Figure 2 compares the equilibrium two-point, c 2 t h!0!ti, and three-point, c 3 t 1 ; t 2 h!0!t 1 !t 2 i, FFCF's of models 1 and 2. The three-point FFCF's are remarkably different although the corresponding two-point FFCF's are virtually identical. In particular, the fast component is not visible in the three-point FFCF's of model 1, while it appears as a sharp ridge along the diagonal (i.e., t 1 t 2 ) in model 2. In case of model 1, the fast and slow processes are uncorrelated, and the three-point FFCF separates into a sum c 3 t
Since the fast process was assumed to be Gaussian, its three-point FFCF vanishes. In contrast, fast and slow processes are correlated in model 2, which is why the fast process is ''present'' even for large times t 1 and t 2 . The force constant of the fast coordinate linearly depends on the excursion of the slow solvation coordinate. Since the fast component is in the motional narrowing limit, the effective T 2 varies as equilibration along the slow coordinate proceeds, explaining the experimentally observed narrowing of the hole with increasing IR pump -IR probe delay time. In contrast, the effective T 2 dephasing time is frequency independent in model 1 since both coordinates decouple. The sharp ridge along the diagonal of the three-point FFCF of model 2 causes the fast initial shift of the hole from the pump pulse position, even after a rela- Fig. 1(i) ]. No such shift is obtained in model 1 since the fast process has long decayed away at t UV pump -IR pump 1 ps [ Fig. 1(f) ].
The different orders of nonlinear spectroscopy are typically classified in terms of multipoint dipole-dipole correlation functions (DDCF): the two-point DDCF h0ti for linear spectroscopy, the four-point DDCF h0t 1 t 2 t 3 i for third-order spectroscopy, etc. However, in particular, in the context of solvation experiments, the dipole operator is not a very intuitive quantity. We rather like to think about the experiment in terms of a vibrational transition of a test molecule, the frequency !t of which directly mirrors the fluctuating surrounding. The dipole operator t and the instantaneous frequency !t are connected via an exponential function [11] , the expansion of which leads to infinite terms in the general, nonGaussian case. Hence, mathematically speaking, any order of spectroscopy, linear or nonlinear, depends on all orders of FFCF's. A rigorous classification of nonlinear spectroscopy in terms of FFCF's is not possible. In terms of sensitivity, however, we may still use such a classification in a loose sense. For example, linear spectroscopy is a measure of the center frequency h!i and width h! 2 i of a transition. Yet it is an extremely insensitive probe of the two-point FFCF, despite the fact that the linear spectrum I! < R 1 0 e i!t e ÿgt dt is expressed explicitly in terms of the two-point FFCF through the line shape function gt
Yet the inversion of these equations is ill-conditioned and not feasible [4] . Likewise, we have shown here that third-order spectroscopy is not sensitive to higher order FFCF's. The commonly observed bi-phasic decay of the twopoint FFCF implies that at least two generalized coordinates are needed to describe solvation. However, with the help of third-order spectroscopy, nothing can be learned about possible couplings between these solvation modes. Only fifth-order spectroscopy can distinguish model 1, where both modes are uncoupled, from model 2 with an anharmonic coupling term. A frequency trajectory from a molecular dynamics simulation would contain the information about all orders of FFCF's. However, only the twopoint FFCF is usually extracted for comparison with experiment, throwing away significant part of the information. The two-point FFCF does not characterize a random process unequivocally, unless it is Gaussian. T2D spectroscopy allows one to determine higher order FFCF's to more completely characterize the random process of solvation. In summary, the work not only presents an experiment that is demonstrably nonlinear with respect to solvation modes, but also proposes a language to characterize nonlinear dynamics with the help of higher order frequency fluctuation correlation functions.
